room temperature, which is among the lowest values reported for organicinorganic hybrid materials. Interestingly, the hybrid compound has a unique 0D structure, which extends into 3D supramolecular frameworks through nonclassical hydrogen bonding. Phonon band structure calculations reveal that low group velocities and localization of vibrational energy underlie the observed ultralow thermal conductivity, which could serve as a general principle to design novel thermal management materials.
Introduction
Organic-inorganic hybrid materials represent a vast interdisciplinary field of research involving composites, MOFs, biomaterials, to name a few. [1, 2] These hybrid materials with a wide spectrum of properties have found important applications in optics, electronics, transportation, and thermal data storage. [16] [17] [18] [19] [20] [21] [22] Fundamentally, heat conduction and thermal properties of materials are strongly correlated with their atomic structures. [23] In general, very low thermal conductivity is observed in electrically insulating amorphous solids and glasses. [24] The lower limit of thermal conductivity of amorphous solids is well explained by the Einstein limit where the mean free path is assumed to be the same as half of the wavelength of phonons. [25] However, the major bottleneck of employing amorphous low thermal conductivity materials such as silica aerogels is their brittleness, which leads to short lifetimes and higher maintenance costs. [26, 27] As a result, there have been efforts to search for low thermal conductivity materials through nanostructure engineering, i.e., using thin films, superlattices, nanostructured samples, and disordered crystals. [24, 25, [28] [29] [30] [31] In general, low thermal conductivity in these compounds may arise from material characteristics like strong crystal anharmonicity, complex crystal structure, atomic disorders, large molecular weight, large unit cells or lone pair of electrons, and so on. [32] However, it remains an elusive goal to achieve ultralow thermal conductivity while maintaining some degree of crystallinity.
Properly designed hybrid organic-inorganic compounds can offer an alternate route to achieve very low thermal conductivity. Hybrid organic-inorganic compounds offer unique advantages such as ease of synthesis, low-temperature processing, and large freedom to tailor their properties by manipulating the constituents. These hybrid compounds can primarily be divided into two categories, hybrid composites and hybrid crystals. Hybrid composites are mostly physical mixtures of two or more materials (organic and inorganic) with random or some degree of ordering of one component in the matrix of the other. [33, 34] In the case of hybrid crystals, two different organic and inorganic moieties are integrated into a single crystal structure. Such hybrid crystals can bring unexpected physical and chemical properties although the material design might be more demanding than conventional inorganic and organic materials. It is important to note that the properties of hybrids are not merely the combination of the primary components. Instead, strong synergy effects can occur due to interactions between the organic and inorganic parts that can be further modified by nanoscale confinement. [33] Indeed, ultralow thermal conductivities of 0.3-0.5 W m −1 K −1 at room temperature were recently reported for organic-inorganic hybrid perovskites. Techniques such as using heater and thermocouple, laser flash method, time-domain thermoreflectance, and scanning near-field thermal microscopy arrived at very similar results and confirmed the ultralow thermal conductivity of hybrid perovskites. [35] [36] [37] [38] [39] In this contribution, we report on the ultralow thermal conductivity discovered in a new 0D organic-inorganic hybrid compound, [40] hexakis(dimethyl sulfoxide-kO)-manganese(II) tetraiodide, [Mn(C 2 H 6 OS) 6 ]I 4 . This hybrid material consists of discrete [Mn(DMSO) 6 ] 2+ (DMSO is dimethyl sulfoxide, C 2 H 6 OS) units connected through nonclassical hydrogen bonds to linear I 4 2− tetraiodide anions. An ultralow thermal conductivity of 0.15 W m −1 K −1 was obtained at room temperature, which is one of the lowest values reported for hybrid materials. First-principle calculations based on density functional theory elucidate the electronic band structure and predict a bandgap of 1.6 eV. Phonon band structure calculations reveal low group velocities as origin of the low-lattice thermal conductivity.
Results and Discussions
The synthesis of [Mn(DMSO) 6 ]I 4 single crystals is rather simple. A supersaturated solution of methylammonium iodide (MAI) and manganese iodide (MnI 2 ) in DMSO was mixed and heated in the temperature range of 80-100 °C (Figure 1a) , with the crystal growth process taking 1-2 days. Interestingly, two different types of single crystals can be obtained depending on the reaction temperature ( Figure S1 , Supporting Information). Transparent crystals were grown at 100 °C, while dark colored ones were obtained at 80 °C. Single crystal structure analysis revealed that the transparent single crystals are [Mn(DMSO) 6 ]I 2 with monoclinic symmetry, which is similar to the compound recently reported by Glatz et al. [41] Because the transparent [Mn(DMSO) 6 6 ]I 2 in ethanol and adding iodine ( Figure S2 , Supporting Information). Furthermore, the synthesis process of [Mn(DMSO) 6 ]I 4 can be easily scaled up ( Figure S3 , Supporting Information) by employing antisolvent crystallization technique widely used for the synthesis of hybrid perovskite crystals. [42] We also tried other combinations of organic and inorganic components to explore the possibility of synthesizing new hybrids but did not obtain any stable hybrid compound other than [Mn(DMSO) 6 ]I 4 (Table S1, Supporting Information). In the following, we denote [Mn(DMSO) 6 ]I 4 as MDI for the simplicity of discussion.
The dark MDI single crystals exhibit excellent stability in ambient environment ( Figure S4 , Supporting Information). This compound belongs to the trigonal crystal system (Table S2 , Supporting Information), and in fact it is the first compound with a [Mn(DMSO) 6 ] 2+ cation and linear tetraiodide anions. [40] In spite of its fascinating crystal structure, in this work we focus on exploring the thermal properties of MDI single crystals as the compositional fluctuation with the crystal could act to effectively scatter phonons, leading to lower thermal conductivity. The synthesis of MDI is a facile and flexible process. As shown in the reaction schemes below, when stoichiometric amounts of CH 3 NH 3 I and MnI 2 were mixed, MDI crystals were obtained as the sole solid product (Reaction 1). Further, we discovered that MDI crystals could also be synthesized without the addition of CH 3 NH 3 I (Reaction 2). In this case, MDI crystals were obtained together with some Mn-containing amorphous solid byproducts ( Figure S5 
In the molecular structure of MDI, the four iodine (I) atoms are arranged in a linear fashion and form nonclassical hydrogen bonding with H atoms of the DMSO molecules (Figure 1b,c) . Interestingly, the bond length between the two central I atoms is shorter than the distance between the central and terminal I atoms. In other words, the central I 2 molecule is weakly bonded to the two terminal I − anions, forming a linear centrosymmetric polyiodide, which represents a rare example of tetraiodide. [43] Typically, the terminal iodines of the tetraiodides are the only ones forming hydrogen bonds with the methyl group, [44] and the presence of weakly bonded iodines may cause the issues of anion migration and instability in such polyiodides. However, in the case of MDI, all the iodines form hydrogen bonds ( Figure S6 , Supporting Information), enhancing the overall structrural stability of the compound. From the crystal structure of MDI, it is clear that the Mn(DMSO) 2+ octahedra are isolated from each other (Figure 1d ), suggesting the 0D nature of MDI. These 0D structures then extend to form the 3D supramolecular framework through hydrogen bonding.
The calculated X-ray diffraction (XRD) pattern of MDI matches well with the experimental data ( Figure 1e ). The reconstructed reciprocal space image from single crystal XRD measurements in Figure 1e confirms the phase purity and high quality of the MDI crystals. We further carried out electron paramagnetic resonance (EPR) measurements to verify the oxidation state of Mn in MDI crystals. Six sharp hyperfine features were observed in the EPR spectrum (Figure 1f ), confirming the +2 oxidation state of Mn in MDI as a result of the five unpaired electrons in Mn 3d orbitals. It is well known that the sulfoxides are capable of bonding to transition metals through both S and O atoms. [45] We carried out IR spectroscopy to investigate and confirm the coordination mode of DMSO in MDI. The S-coordinated DMSO ligands exhibit S-O stretching frequencies in the range of 1080-1154 cm −1 , while O-bound DMSO ligands exhibit lower vibrational frequencies, ranging from 862 to 997 cm −1 .
[ 45] In MDI crystals, stretching frequencies were observed below 1000 cm −1 , confirming the coordination of DMSO with Mn through O ( Figure S7 , Supporting Information), which supports crystal structure refinement results. In order to confirm the purity of the MDI crystals and to understand the nature of bonding between the C and H atoms, we further performed nuclear magnetic resonance (NMR) analysis. Both 1 H and 13 C NMR spectra exhibited a single peak as a result of the site symmetry, confirming the phase purity and the presence of only methyl (CH 3 The dimensionality of materials has a profound influence on their functionalities. Recently, it was found that 1D and 2D materials can have anomalous thermal transport properties, [46, 47] but the heat conduction in 0D materials remains largely unknown. Dimensionality reduction can bring striking differences in the electronic density of states (DOS) (Figure 1g ), as well as enhanced phonon scattering and lower thermal conductivity in 0D hybrid materials.
First-principle calculations were carried out to elucidate the electronic band structure of MDI. Figure 2a shows the total DOS and the partial density of states (PDOS) for the individual elements. The sharp peaks, particularly at the conduction and valence band edges, resemble those of quantum dots, and thus can be attributed to the confinement effect. As seen from Figure 2b , the bandgap is indirect with a value of 1.62 eV, separating the occupied Mn and unoccupied I states (black arrow). There is a gap of 2.06 eV between the occupied and unoccupied I states (red arrow). Due to strong localization of the Mn 3d and I 5p states, the effective masses of the electrons and holes are expected to be high. We note that the local magnetic moment of the Mn ions is 4.60μ B , which is a result of the high-spin state of half-filled t 2g and e g orbitals.
To substantiate the hypothesis of anomalous thermal behavior, we study the phonon dispersion. As shown in Figure 2c , the optical phonon branches are comparatively flat and only the acoustic phonons exhibit some dispersion. The phonon density of states in Figure 2d shows a low-frequency region (0-500 cm −1 ), intermediate frequency region (550-1550 cm −1 ), and high frequency region (2800-3250 cm −1 ). All the atoms are involved in the low-frequency phonon modes. In the intermediate-frequency region, the atomic motion involves only atoms in DMSO, i.e., C, H, S, and O. Reflecting the strong CH bonds, the high-frequency phonon modes involve only the C and H atoms. The largest phonon group velocities are observed for the three acoustic branches (Figure 2e ). It is important to note that the average phonon group velocity (both acoustic and optical branches) is 0.17 km s −1 . For typical semiconductors, such as Si and GaN, the average group velocity is in the range of 4-5 km s −1 . [48, 49] In addition, the optical branches strongly overlap with each other. Recently, very low-phonon lifetimes were reported for hybrid perovskites as a result of overlapped phonon branches. [50] In total, the phonon results point to a very low thermal conductivity in MDI.
To further characterize the optical properties, the dielectric tensor and optical absorption were calculated. The imaginary component of dielectric constant along the z-axis ε 2 (z) is much larger than those along the x/y direction, implying a strong anisotropy of optical absorption in MDI (Figure 3a) . Interestingly, the MDI single crystal changed its color under polarized light depending on the angle between the incident beam and the crystallographic axis ( Figure S9 , Supporting Information). This unambiguously proves the structural anisotropy of the MDI crystal. In addition, angle-dependent EPR measurement indicates that the MDI crystals possess magnetic anisotropy as well ( Figure S10 , Supporting Information). The calculated optical absorption coefficient (α z , with the electric component of light parallel to the z-axis) exhibits a remarkably sharp onset at photon energy of 2.0 eV (corresponds to the direct energy gap between I's bands) and then maintains at a high magnitude of ≈10 6 cm −1 (Figure 3b ). Furthermore, there is an optical absorption peak at 1.6 eV, but it is much weaker (≈10 3 cm −1 ) and can be attributed to the indirect energy transition between Mn and I orbitals. Overall, the optical absorption is mostly contributed by I orbitals. The experimental absorption spectrum for the hybrid crystal is shown in Figure 3c . The Tauc plots reveal both direct and indirect nature of the bandgap (Figure 3d ). The optical bandgap of MDI has a lowest-energy direct transition of 1.84 eV and a lowest-energy indirect transition of 1.59 eV. These two values of energy gaps obtained from absorption spectra are very close to the calculated gaps. From photoelectron spectroscopy in air (PESA) measurement, the valence band maxima (VBM) of MDI was estimated to be −5.11 eV (Figure 3e ).
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curves measured on the MDI single crystal are shown in Figure 4a . The TGA results reveal that the material is thermally stable up to ≈200 °C followed by a huge weight loss of 80% corresponding to the decomposition of MDI. Three well-defined endothermic effects were observed on the DSC, which are associated with melting (124 °C onset point) and decomposition (the latter two) of MDI. To clarify the melting behavior of the MDI, another TGA/DSC measurement was carried out using fresh MDI single crystals, this time only up to 200 °C. As shown in Figure 4b , the heating and cooling curve of the TGA and DSC measurements show characteristic features of the congruent melting behavior. The powder XRD before and after the DSC did not show any changes ( Figure S11 , Supporting Information), which unambiguously proofs the congruent melting of MDI crystals. It is noteworthy to mention that compounds exhibiting congruent melting can be grown into large single crystals using the Czochralski method. [51] The facile synthesis of MDI crystals allowed the preparation of large-size pellets for characterizing thermal transport. Scanning electron microscope (SEM) image of the top surface of MDI pellet indicates good packing density ( Figure S12 conductivity can be expressed as κ = κ e + κ L , where κ e and κ L are related to charge carriers and lattice phonons, respectively. [55] The electronic contribution, κ e , can be estimated from the Wiedemann-Franz law, κ e = LσT, where L = 0.7L 0 (L 0 is the Lorenz factor for free electrons with a value of 2.45
) is used here because the electronic contribution is small [56] and σ is the conductivity of the sample. The electrical conductivity increases with temperature because of the thermal excitation of free carriers (Figure 4e ). For MDI, the carrier contribution is negligible (κ e = 3 pW mK −1 at 298 K). On the other hand, the lattice term (κ L ), which is obtained by subtracting the electrical contribution (κ e ) from κ, contributes more than 99% of the total thermal conductivity (Figure 4f) . In other words, and the heat is conducted mainly by phonons. This is in line with the resistive nature of MDI; for κ e to be dominant, a large concentration of free carriers is a prerequisite as in the case of metals. [23] Such negligible κ e in the same temperature range was previously observed in materials such as CH 3 NH 3 PbI 3 and amorphous Sb 2 Te 3 . [35, 57] The thermal conductivity achieved in MDI is compared with other typical materials in Figure 4g . Furthermore, to check the effect of anisotropy and microstructure, in-plane thermal conductivity was measured by a chip-based 3ω technique using highly oriented MDI films ( Figure S13 , Supporting Information). In-plane thermal conductivity of 0.21 ± 0.01 W m −1 K −1 was derived at room temperature underscoring the intrinsic nature of constrained heat transport in MDI. Chiritescu et al. reported that by making disordered layered crystals, the thermal conductivity of WSe 2 can be reduced from 1.44 to 0.048 W m −1 K −1 . [24] If disordered 0D materials can be synthesized, even lower thermal conductivity may be achieved. The present study suggests that the ultralow thermal conductivity in the 0D MDI may be a general phenomenon and can be extended to other 0D hybrids. One possible reason for the ultralow lattice thermal conductivity observed in MDI can be partly attributed to its 0D crystal structure with a lot of voids in the unit cell. It is well known that crystals having unit cells with large Figure 4 . a) DSC and TGA curves. b) Heating (melting) and cooling (recrystallization) cycles revealing a congruent melting behavior. c) Thermal diffusivity and specific heat. d) Total thermal conductivity. e) Electrical conductivity as a function of temperature. f) Electronic and lattice contributions to the total thermal conductivity. g) Room-temperature thermal conductivity of some typical functional materials in comparison with the hybrid MDI crystal. [24, 35, [52] [53] [54] voids can result in low thermal conductivity. [55] Apart from this, the 0D structure gives rise to a large number of interfaces which increases the phonon scattering, resulting in low thermal conductivity. [58] Recently, several 0D hybrid perovskite crystals were discovered and their optical properties have been reported. Since these 0D perovskite crystals have isolated octahedra similar to MDI, there is a good possibility that these crystals will also exhibit ultralow thermal conductivity. [59] [60] [61] It is noteworthy that taking advantage of the congruent melting nature, MDI can be directly processed into patterns on any given substrates using stamps (Figure 4h ). This patterning process can be carried out without involving any solvent, which significantly reduces the processing cost. Further improvement of patterning can be achieved using thermal nanoimprint technique similar to the work done on CH 3 NH 3 PbI 3 films. [62] Leveraging the facile melt processing, MDI was incorporated in a simple sandwich structure (ITO/MDI/Pt) to test its photoconduction. Interestingly, the simple diode structure exhibited significant rectification as well as increased conductivity under illumination ( Figure S14, Supporting Information) .
To visualize the ultralow thermal conductivity of MDI, we took infrared images of a MDI pellet on a hot plate heated to 100 °C and compared with reference samples of hybrid perovskite (CH 3 NH 3 PbI 3 ) and ZnO with identical thickness (Figure 5a) . Notably, the result show that MDI performs better as a thermal insulator than the perovskite and ZnO. There is a temperature difference of ≈25 °C between the hot plate and the MDI pellet surface as observed in the temperature profile (Figure 5b ). Furthermore, right after the samples were positioned on the hot plate, the temperature of MDI increased much slower than the other two samples (Figure 5c ), and no saturation was observed even after one hour. The corresponding temperature for MDI, perovskite, and ZnO is 75, 85, and 96 °C, respectively, for a hot plate temperature of 100 °C (Figure 5d ). It is clear that the order of heat transport efficiency is ZnO > perovskite > MDI, which is consistent with the order of their thermal conductivities.
Conclusion
In summary, an ultralow thermal conductivity was discovered in hybrid lead-free [Mn(C 2 H 6 OS) 6 ]I 4 as a result of its unique 0D crystal structure and low lattice thermal conductivity. The measured thermal conductivity of 0.15 ± 0.01 W m −1 K −1 is, one of the lowest among ordered materials, and it could be further reduced by introducing disorders into the system. Our results suggest that 0D materials have an intrinsic advantage over 3D and other lowdimensional materials to achieve ultralow thermal conductivity. This material is of particular interest for use as a filler or insulating layer to control the thermal transport in functional materials and composites. Also, if the electrical conductivity can be improved by suitable doping or forming composites with highmobility materials like carbon nanotubes, while maintaining the ultralow thermal conductivity, it can lead to efficient thermoelectrics. Furthermore, the present work offers a promising general route for designing 0D materials using organic and inorganic moieties for future materials with exceptional physical properties.
Experimental Section
Materials: Anhydrous MnI 2 (98%) was purchased from Alfa-Aesar and MAI from Dyesol. All other materials were purchased from SigmaAldrich and were used as received unless otherwise stated. 6 ]I 2 single crystals can be obtained by heating the solution to 100 °C and following the same procedure. It was found that the desired MDI single crystals could also be obtained by simple reaction between MnI 2 and DMSO without the addition of MAI, further simplifying the synthesis process. Furthermore, bigger crystals (4-5 mm) can be grown by redissolving small crystals in acetonitrile or acetone at 60 °C and then leaving the solution at room temperature for 3-4 days.
Material Characterization: Top view SEM images and EDX spectra were obtained using a field emission scanning electron microscope (FEI-Nova Nano). XRD powder diffraction patterns were recorded on an STOE STADI MP X-ray diffractometer, equipped with a DECTRIS MYTHEN 1K microstrip solid-state detector. Continuous wave EPR spectra were recorded using a Bruker EMX PLUS spectrometer equipped with standard resonator for high sensitivity CW-EPR operating at the X-band microwave frequency. Room temperature spectra were recorded at 25 dB microwave attenuation with 5 G modulation amplitude and 100 kHz modulation frequency. Powders of MDI crystals were densified into pellets by cold pressing under 750 MPa for 10 min. The thermal conductivity κ was calculated using the equation κ = D ⋅ C p ⋅ d, where the thermal diffusivity D was obtained using a laser flash apparatus (NETZSCH, LFA 447), specific heat C p was determined by using a differential scanning calorimeter (NETZSCH, STA 449 F3 Jupiter), and the mass density d was obtained using the Archimedes method. Uncertainties in the D and C p measurements were ± 5% and ± 3%, respectively, leading to an 8% uncertainty in the thermal conductivity value. Infrared images of the pellets on hot plate were captured after temperature stabilization using a Fluke TiS40 thermal camera.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
